Stereotactic body radiation therapy (SBRT) can positively influence an antitumor immune response by inducing necrotic cell death. SBRT also been shown to eliminate tumors outside the radiation therapy field through an immune-mediated process known as the abscopal effect. Recent advances in immunotherapy may provide new therapeutic approaches for patients with liver cancer. Therefore, understanding the immune status of patients with cancer will likely guide how immunotherapy might be used in combination with SBRT. We hypothesized that we would observe changes in circulating blood immune cell populations of patients who received SBRT for liver tumors. Therefore, we assessed 110 immunophenotypes in the peripheral blood of 10 patients with liver cancer or metastases to the liver pretreatment and 2 posttreatment time points. Patients with liver cancer and metastatic patients both exhibited several immunophenotypic abnormalities at baseline compared with a group of healthy volunteer controls. In longitudinal studies, SBRT caused a specific reduction in CD3 + T cell counts and immature CD56 br CD16 − NK cell counts. The immune profiling and potential identification of circulating biomarkers shown here could lead to the design of
Introduction
Primary liver and metastatic liver tumors represent a major source of the cancer burden in the United States and worldwide. In the United States in 2016, approximately 28,000 new cases of primary liver tumors (hepatocellular carcinoma [HCC] and intrahepatic cholangiocarcinoma [CCA] ) were diagnosed, and this number is expected to continue to rise with the increasing prevalence of hepatitis C infections and nonalcoholic fatty liver disease. 1 The liver is also a common organ of spread for many malignancies, most notably colorectal cancer, in which resection of limited liver metastases may be curative. Surgical resection remains the optimal treatment for patients with resectable liver tumors. Recently, stereotactic body radiation therapy (SBRT) has emerged as an effective local treatment modality for primary and metastatic liver tumors. Although local control rates of 80% to 90% have been achieved, the majority of patients treated with SBRT ultimately develop intrahepatic or extrahepatic (systemic) recurrence outside of the irradiated volume. [2] [3] [4] Systemic therapy only has a modest impact on survival for patients with primary or metastatic liver tumors.
SBRT induces necrotic tumor cell death, a prerequisite for eliciting an antitumor immune response. Although a detailed understanding of SBRT's effects on the immune system is incomplete, reports of partial or complete eradication of tumors outside of the radiation therapy (RT) field (defined as the abscopal effect) suggest that SBRT is capable of priming and expanding tumor-reactive T cells within the irradiated tumor and among the draining lymph tissues. These activated, tumor-specific T cells are thought to migrate to and eliminate nonirradiated tumors. Preclinical models have established that the abscopal effect is T cell dependent. 5, 6 Recently, immune checkpoint blockade at the level of immune priming (CTLA-4 blockade) or effector function (B7-H1/PD-1) is being investigated in many clinical trials and is yielding promising results. Whether a distinct RT regimen, such as SBRT, synergizes with immune checkpoint blockade and elicits a potential systemic curative response is an important question. The combination of anti-CTLA-4 and RT is capable of inducing abscopal effects in patients with melanoma. 7, 8 B7-H1 or PD-1 blockade in preclinical RT models increased the rate of tumor regression and reflected results characteristic of PD-1 blockade in conjunction with other therapies in patients with advanced cancer. 6 However, the impact of PD-1 blockade on SBRT-mediated abscopal effects and synergism with SBRT is largely unexplored.
For patients with liver tumors undergoing SBRT, further knowledge of the effect of SBRT on immune cell populations may help define the potential role of the combination of SBRT with immunotherapy, such as adoptive immunotherapy and/or checkpoint inhibition. Therefore, we tested whether SBRT induces changes in peripheral blood leukocytes using multiparameter flow cytometry on fresh, unmanipulated whole blood samples from patients with liver cancer and patients with liver metastases. A total of 110 immune cell phenotypes encompassing all major peripheral blood cell populations were assessed in this cohort. Immunophenotypic differences after SBRT as well as differences between healthy volunteers (HVs) and patients with cancer are described.
Methods and materials Patients
Ten patients receiving SBRT for liver metastases (n = 4), CCA (n = 1), and HCC (n = 5) consented and were enrolled with the approval of the institutional review board. Patients were enrolled in accordance with the following inclusion criteria: age ≥18 years and Eastern Cooperative Oncology Group performance status score of 0 or 1; life expectancy >6 months; diagnosis of liver metastases, CCA, or HCC; received SBRT; and able to undergo blood draws. Other patient characteristics are listed in Table 1 . The SBRT treatment technique used at our institution has been previously described. 9 All patients had a single tumor treated. The median maximal tumor dimension was 3.8 cm (range, 2.2-4.9 cm). The target volume consisted of the liver tumor with a margin of 5 to 7 mm for setup uncertainty. The prescription dose was 50 to 60 Gy in 5 fractions or 54 Gy in 3 fractions delivered on consecutive weekdays. Each patient received a single course of treatment. A total of 11 agematched HV samples were collected, and an additional 29 samples from a previous study were included for analyses.
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Immunophenotyping by flow cytometry
Unmanipulated whole blood samples were stained directly with antibodies. Flow cytometry was performed with 7 flow protocols on the 3-laser, 10-color Gallios Flow Cytometer (Beckman Coulter, Brea, CA). All 10-color procedures, antibodies, flow protocols, instrument settings, analysis software, dot plots, and gating strategies have been previously described.
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Statistics
Prism Version 7.0 (GraphPad Software, LaJolla, CA) was used to create all graphical representations and for statistical comparisons. For multiple t test comparisons between HVs and the entire cohort, HVs and patients with liver cancer (HCC/CCA), HVs and patients with cancer and metastases to the liver, and patients with liver cancer versus patients with metastases, a false discovery rate approach was performed via the multiple t test analysis and the 2-stage setup method of Benjamini, Krieger, and Yekutieli using Prism software. Individual P-values were determined with no assumption of consistent standard deviation between the phenotypes with each row (representing 1 phenotype) analyzed independently from other phenotypes and the false discovery rate (Q-value) set at 10%. Therefore, the criteria to determine whether the change in an immunophenotype met the discovery threshold was set at P < .05 and Q < .10. The Wilcoxon matched-pairs signed rank test was used to test for differences for patients who received SBRT treatment.
Results
To identify circulating immune cell alterations in liver cancer and to understand the effects of SBRT on peripheral blood leukocytes, we measured more than 110 immunophenotypes by flow cytometry in patients with liver cancer and liver metastases (Supplemental Table S1 ). These protocols were specifically designed to survey the landscape of patients' immune systems prior to treatments and to identify biomarkers for response (or lack thereof) to treatment in a manner that follows good laboratory practices, including standard operating procedures, standard sample processing, and qualified reagents (analyte-specific reagent/ in vitro diagnostic-grade antibodies where possible) and equipment.
In this hypothesis-generating preliminary study, we examined whether there were any immunophenotypic differences between HV controls (n = 40) and the entire cohort (n = 10) or patients with primary liver cancer (n = 6) or patients with liver metastases (n = 4). We found 12 immunophenotypes that differed between the controls and the entire cohort, 8 between the controls and patients with liver cancer, and 8 between the controls and patients with liver metastasis ( 
CD45RA
+ T cells were decreased by more than 25% in all 3 patient groups. The flow data and gating strategies for these phenotypes from representative 
CD4
+ T cells was elevated in the entire cohort, whereas these changes were not observed in CD8 + T cells. The reduction of circulating dendritic cells was more substantial in patients with liver metastasis than in patients with liver cancer, but patients with liver cancer exhibited an abnormal distribution of some DC subsets (LIN 
CD16
+ were lower than those of the controls). Although we acknowledge that the cohort is small, these data suggest numerous leukocyte abnormalities with both common and distinct phenotype alterations between patients with primary liver cancer and liver metastases.
Next, we tested how many phenotypes were sensitive to SBRT. Almost all of the phenotypes measured did not change between baseline and end of treatment samples. However, we found that circulating T cell counts dropped an average of nearly 2-fold at the end of SBRT (1074 cells/µL to 556 cells/µL) and subsequently returned to near baseline levels after 3 months (Fig 1a) . CD3
+ T cell counts declined in all but 1 patient after SBRT. CD4
+ T cells appeared to be the most affected with no statistically significant difference in the levels of CD8 + T cells after treatment. Within the CD4 + T cell compartment, SBRT did not alter the levels of CD4
lo regulatory T cells. SBRT also appeared to have differential effects on natural killer (NK) cells. For the most prominent NK cell subset, CD56 +
+ mature, cytotoxic NK cells, SBRT had no effect on the cell counts after treatment (Fig 1b) . CD56 br CD16
− NK cells, which are precursor cells to CD56 +
+ NK cells and less cytotoxic but release more cytokines, 12 dropped to approximately 40% of levels at baseline (from 23 cells/µL at baseline to 9 cells/µL at end of treatment; P = .002) and returned to baseline levels at the 3-month time point. These results highlight the differential sensitivity of immune cell populations to SBRT. 
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As shown in Table 2 , the percentage of PD-1 + CD4 + T cells was elevated in the 10-patient cohort versus the HV controls. One of the patients with liver metastases also received pembrolizumab concurrently with SBRT. This additional treatment provided a unique opportunity to examine the potential changes in the T cell populations when exposed to PD-1 blockade. Figure 2a shows the gating strategies for measuring PD-1 levels on CD4 + and CD8 + T cells. In the baseline sample, 71.2% of CD8 + T cells and 55.4% of CD4 + T cells were positive for PD-1 expression. Not surprisingly, PD-1 levels nearly disappeared with pembrolizumab treatment and stayed low through the 3-month sample (Fig 2b, left graph) . The drop in CD4 + and CD8 + T cells observed in this patient was similar to that of the other patients who were treated (Fig 2b, right graph + T cells or CD8 + T cells (Fig 2c) .
Discussion
Unlike conventional RT, SBRT delivers high doses of radiation in a small number of fractions to the targeted tumor microenvironment while minimizing radiation exposure to the surrounding tissue. Because there is still some discussion with regard to the immunosuppressive effects of conventional RT, SBRT may be better than conventional RT because of its ability to induce abscopal effects, whereby distant tumors may be eradicated by the immune system from only locally treated tumors, 5 and for the potential of SBRT to synergize with emerging immunotherapies. 13 The paucity of human data, however, has limited the development of effective combinatorial approaches. To better understand the immunological changes after SBRT, we wanted to know the immunological landscape of patients with cancer prior to treatment. Although we acknowledge that the cohort is small and the patient population is heterogeneous, this was a hypothesis-generating study to examine the changes to the immune system after radiation to the liver. Additionally, we identified numerous leukocyte abnormalities that occur in patients with liver cancer that may provide mechanistic clues to disease progression and/or phenotypes that may be targeted through specifically tailored therapies. We previously used this systems-based approach to understand the interplay of tumor and immune system interactions. 14, 15 Additionally, immune biomarkers have been identified in patients with nonsmall cell lung cancer that predict both survival and treatment-related toxicity after SBRT treatment. 16 In this study, high pretreatment neutrophil-to-lymphocyte ratios and lymphocytopenia were associated with poor outcomes. Although our cohort was not large enough to test whether the measured phenotypic differences correlated with survival, we found a broad range of phenotypes from T cells, B cells, and myeloid cells that were altered in these patients. The most striking phenotypic difference was the decrease in the percentage of CD4
+ naïve T cells in both patients with liver cancer and patients with liver metastases. The presumed downregulation of CD62L and CD27 suggests that these patients may have impaired antigendependent T cell responses, T cell homing, and/or maturation into memory cells. [17] [18] [19] Because SBRT targets radiation locally, damage to bone marrow and circulating leukocytes is thought to be minimized. In this cohort, CD3+ T cells counts dropped by nearly half after SBRT, whereas other lymphocytes, monocytes, and granulocytes only had insignificant declines. Interestingly, immature CD56 br CD16 − NK cells declined dramatically, but mature CD56
− NK cells traffic to lymph nodes and participate in the early events of an adaptive immune response. 20 Although we cannot rule out the possibility that radiationinduced cellular death or myelosuppression may contribute to the drop in T cell and CD56 br CD16
− NK counts, a very plausible scenario is that the T cells are trafficking to the lymph nodes and the tumor microenvironment, both at the irradiated site and potentially to metastatic sites. Indeed, several lines of evidence from mouse models support the hypothesis that RT induces the trafficking of lymphocytes. 21, 22 The panel of immunophenotypes included many that act as barriers to immunotherapy, including the checkpoint inhibitors PD-1 and CTLA-4, regulatory T cells, and various myeloid-derived suppressor cells. Although only the percentage of PD-1 + CD4 + T cells was increased in the entire cohort at pretreatment, levels of circulating PD-1 + T cells did not change after SBRT. One patient was treated with pembrolizumab concurrently with SBRT. Although we did not detect meaningful changes in the distribution of T cell subsets after pembrolizumab (ie, changes in regulatory T cells or memory cells), the specific flow protocol for PD-1 demonstrated valuable utility in the measurement of PD-1 surface expression and will likely be useful for measuring the persistence of therapeutic antibody-bound T cells in peripheral blood.
Conclusion
The immunosuppressive environment of the liver creates challenges for effective immunotherapeutic approaches. The immune profiling of patients with liver cancer and the potential identification of biomarkers reported here are tangible first steps in the development of rational combinatorial approaches that combine immunotherapy with SBRT. This approach to identify biomarkers in patients with liver cancer justifies additional studies with expanded, disease-specific cohorts that can potentially guide patient selection in clinical trials, match the optimal immunotherapy with SBRT, optimize the timing of immunotherapy with SBRT, and identify biomarkers that are related to treatment-induced toxicities.
Supplementary data
Supplementary material related to this article can be found at https://doi.org/10.1016/j.adro.2017.08.003.
